In vitro microelectrode array (MEA) technology has evolved into a widely used and effective methodology to study cultured neural networks. An MEA forms a unique electrical interface with the cultured neurons in that neurons are directly grown on top of the electrode (neuron-on-electrode configuration). Theoretical models and experimental results suggest that physical configuration and biological environments of the cell-electrode interface play a key role in the outcome of neural recordings, such as yield of recordings, signal shape, and signalto-noise ratio. Recent interdisciplinary approaches have shown that MEA performance can be enhanced through novel nanomaterials, structures, surface chemistry, and biotechnology. In vitro and in vivo neural interfaces share some common factors, and in vitro neural interface issues can be extended to solve in vivo neural interface problems of brain-machine interface or neuromodulation techniques.
I. INTRODUCTION
Cultured neuronal networks have been used as in vitro model systems in many fields of neuroscience, including synaptogenesis, 1 axon guidance, 2 nerve regeneration, 3 and neural plasticity. 4, 5 In addition, special methodologies such as compartmental chambers, 6 micro-island cultures, 7 cell patterning, 8 and organotypic slice culture 9 have been developed for the investigation of the mechanism of neural information processing in neural networks.
In vitro microelectrode array (MEA) technology has been developed to characterize cultured neuronal networks. [10] [11] [12] Neurons are cultured on a planar type microelectrode array that is capable of sensing electrical signals from neurons or neural circuits. MEAs are created using microfabrication ABBREVIATIONS MEA, microelectrode array; FET, field-effect transistor; DRG, dorsal root ganglion; CNT, carbon nanotube; SAM, self-assembled monolayer; 3GPS, [3-glycidoxypropyl] trimethoxysilane; SNR, signal-to-noise ratio; 11-MUA, 11-mercapto undecanoic acid; 3APS, 3-amonipropyltrimethoxysilane; PDMS, polydimethoxysiloxane processes originally developed in the semiconductor industry. By interfacing microelectrodes with individual neurons and measuring extracellular action potentials (spikes), MEAs provide spatiotemporal information of the network activity that can be utilized for the quantitative study of cultured neuronal networks. [13] [14] [15] [16] The quality of the neural recordings is one of the most important factors that determines the success of each experiment as well as the MEA technology overall. Success follows when the networks of neurons are biologically active and the sensors are effective at measuring the bioelectric signals. In this article, neural signal recordings will be reviewed in terms of cell-electrode interfaces and in vitro neural interface design.
have been used to study cultured neuronal networks with MEAs: E18 (embryonic day 18) rat hippocampal neurons, 15, [22] [23] [24] [25] [26] [27] E14-15 mouse spinal cord or cortical neurons, 10,28,29 E17-18 rat cortical neurons, 13, 16, [30] [31] [32] P0-P3 (postnatal day 0 to day 3) rat cortical neurons, 14, [33] [34] [35] [36] P3 rat hippocampal neurons, 37 and embryonic stem cell derived neurons. 38 
II. NEURAL SIGNALS FROM MEA INTERFACES II.A. Planar-Type Microelectrode Array System
A planar-type MEA is a cell culture dish with an array of embedded surface microelectrodes ( Fig. 1[a] ). Substrates are usually made of glass wafers so that the observation of live cells can be performed with conventional transmitted light microscopy. Microelectrodes are made of nontoxic, corrosion-resistant metals (e.g., platinum, gold, iridium, titanium nitride); electrodes are insulated from each other and the culture medium using inorganic or organic materials (silicon oxide, silicon nitride, polyimide, epoxy resin). The size of the electrode is in the range of a few tens of micrometers in diameter, which is comparable to the size of single neurons. Each electrode is connected with a contact pad through a thin conductor line so that an extracellular recording amplifier can amplify the signal picked up by the electrode. Since there are multiple electrodes, instrumentation systems are also equipped with multichannel analog and digital signal processors. A 60-electrode MEA is common, and high-density MEAs such as 519-electrode MEAs 17 or light-addressable MEAs with 3600 electrodes 18 have also been reported. For ultra-high-density MEAs, active-pixel-type arrays have been developed. MEA systems with 11,011 electrodes 19 , 4096 electrodes, 20 and 128 × 128 electrodes 21 have been successfully tested with cultured neurons.
The number of commercial vendors that fabricate MEAs and instrumentation systems has grown steadily in the last decade, including MultiChannel Systems (Reutlingen, Germany), Alpha MED Scientific (Osaka, Japan), Ayanda Biosystems (Lausanne, Switzerland), Plexon Inc. (Dallas, TX) / University of North Texas (Denton, TX), and Axion Biosystems (Atlanta, GA).
II.B. Neuronal Cell Culture on MEAs
Dissociated neurons are obtained from embryonic or neonatal stages of animals such as rat or mouse. Various cell culture systems and techniques In many cases, the cultures were grown under high density (over 1000 cells/mm 2 ) serum containing conditions. This induces overgrowth of glial cells in the culture, which keeps the culture healthy for the long-term cultures. Instead of serum-containing culture medium, glia-conditioned medium 25, 32 or serum-free culture conditions 22, 24, 40, 41 have also been used.
To culture neurons on MEAs, it is necessary to coat the surface with one or another substances that enhances cell attachment and growth. Common coating substances include collagen, polylysine, or laminin, which were adopted from conventional neurobiology experiments. Polyethyleneimine, a synthetic basic polymer, has also been used to achieve longer and stable neuronal growth for longterm cultures. 32 A combination of two molecules is used to improve cell adhesion: polylyine/laminin 29 plus polyetheleneimine/laminin 42 or polyornithine plus Matrigel. 37 In most cases, these molecules are immobilized on the MEA surface without any chemical linkers.
II.C. Neuron-Electrode Coupling of an MEA
As shown in Fig. 2 , when cultured neurons are directly grown on top of a microelectrode a unique configuration is formed between the cultured neurons and MEA electrodes. While electrodes are originally used for sensing neural signals, they become a part of the extracellular environment for neuronal growth and development. As neurons are cultured for a few days to weeks on the MEA, long-term culture conditions can influence the performance of the chip. Perhaps most obvious is the continuing development and growth of the neural somata, including movement 43 toward more conducive surfaces, extension on those surfaces including tight coupling to rough and adhesive surfaces, and the extension of axons. The proliferation of supporting astroglia in most culture systems can insulate neurons from electrodes (glial growth beneath the neurons) or tightly couple them (glial growth over the neurons and electrodes). 44 The continuous deposition of protein from media and from neurons is present, 45 fouling the electrodes. Even the insulation can deteriorate over time, as occurs with the slow dissolution of oxide and nitride coatings.
Electrodes detect signals originating from extracellular ionic current flow during the generation of action potentials. Although the conductivity of the medium is relatively high, local conductance following the ionic current path can be low enough to generate measurable localized electrical potential changes in the range of tens or hundreds of microvolts. The time course of the signals is as fast as that of the transmembrane action potentials and they reflect on the neuronal activity of the neurons coupled with the electrode.
II.D. Theoretical Modeling of Neural
Recordings from Neuron-on-Electrode Configuration The conventional extracellular recording principle is based on extracellular field theory. 46 A microelectrode about the size of the cell (~10-20 µm in diameter) positioned near the active neurons detects electric potential changes in a conductive extracellular field generated by current flow. The current originates from one part of the cell (usually the axon hillock or soma), which generates an action potential that spreads over other parts (passive dendrites). A membrane current that generates the current flow consists of both capacitive and resistive components (Eq. 1):
neurons and electrodes). 44 The continuous deposition of protein from media and from neurons is present, 45 fouling the electrodes. Even the insulation can deteriorate over time, as occurs with the slow dissolution of oxide and nitride coatings. 
where V m is the transmembrane potential, C m is the membrane capacitance, and G m is the membrane conductance.
( 1) where V m is the transmembrane potential, C m is the membrane capacitance, and G m is the membrane conductance. Extracellular field potentials can be calculated using a distributed current dipole model whose sink is concentrated in axon hillock (or soma) and sources are distributed over dendrites. The polarity of the recorded field potential (spike) strongly depends on the location of the electrode with respect to the spatial distribution of sources and sinks. The extracellular potential at a particular point P can be calculated as follows:
Extracellular field potentials can be calculated using a distributed current dipole model whose sink is concentrated in axon hillock (or soma) and sources are distributed over dendrites. The polarity of the recorded field potential (spike) strongly depends on the location of the electrode with respect to the spatial distribution of sources and sinks. The extracellular potential at a particular point P can be calculated as follows:
where σ is the conductivity of extracellular medium, J i is the current density over the i th segment (positive for source, negative for sink), r i is the distance from the i th segment to point P, and ΔS i is the surface area of the i th segment. 46 A compartmental neuron model based on the Hodgkin-Huxley membrane model is often used, wherein (2) where σ is the conductivity of extracellular medium, J i is the current density over the i th segment (positive for source, negative for sink), r i is the distance from the i th segment to point P, and ∆S i is the surface area of the i th segment. 46 A compartmental neuron model based on the Hodgkin-Huxley membrane model is often used, wherein the current density (J i in Eq. 2) is assumed uniform over the entire surface of the membrane for each compartment and the contributions to the extracellular field potential from each compartment are summed. 47 The compartments may comprise the soma, the axon hillock, and segments of both axons and dendrites, depending on the complexity of the model. Spike shape is influenced by both cell geometry and cell size. Spike shape can vary depending on the structure of dendritic trees even under the simple assumption of passive dendrites. 48 The cell size determines the cell's input impedance, which in turn affects the magnitude of the membrane currents during depolarization. For a given change of transmembrane potential, large cells can induce membrane currents (I m = ∆V m / Z in , where ∆V m is the transmembrane potential and Z in is the neuron's input impedance) that are larger than for small cells. 46 An alternative way to think of the issue is that larger cells have greater capacitance and hence greater current must flow to discharge and then recharge the membrane. Larger membrane currents imply stronger field potentials based on Eq. 2 (V e ∝ J i ).
Axons, which are very small in diameter (e.g., 1 µm), have limited surface area, greater local impedance, much smaller currents, and smaller extracellular potentials. However, the source and sink currents from propagating action potentials are proportional to the second derivative of the action potential signal, a characteristic of the traveling wave. 49 In cultured neural networks, somatic spikes are most readily recorded, with limited recording of axonal spikes.
According to the in vivo recording experiments, somatic spikes can be either positive-negative spikes for pyramidal cells or negative-positive spikes for stellate cells, while axon spikes are biphasic or triphasic depending on whether all phases of the signal are of sufficient amplitude to be recordable. 46 Moreover, somatic spikes (0.7-1.0 ms) are usually wider than axon spikes (0.4-0.5 ms). 46 An early report on signals recorded with micromachined neural probes provides a graphic explanation of how waveforms are of different polarity depending on the relative position of electrode versus the cell source and sink in vivo. 50 For an electrode quite close to the rapidly depolarizing and large soma, a negative spike is expected, followed by a rebound when the soma acts as a source for other and later depolarizing elements. In the study of extracellular recording from cultured neurons using a glass micropipette, it was reported that somatic spikes were either positive or negative depending on the excitability of the nearby membrane. 51 Axon spikes were mostly negative biphasic spikes, and positive biphasic spikes were recorded from passive dendrites.
In MEA recordings, the size of the recorded action potential can be increased greatly if the electrode and neuron are tightly coupled. Ideally, this is similar to the patch clamp wherein the pipette electrode is completely covered by and seals to the neuron with a leakage resistance to the bathing solution on the order of GΩs. Perhaps the first report of a surface MEA sealing to a neuron was that of Regehr et al., who recorded from a large invertebrate cell sitting on top of the electrode, with a large resulting signal (~0.2-0.3 mV). 52 Fromherz's group used a similar concept to model their recorded signals from a field-effect transistor (FET) array. 53, 54 They first observed that the membrane and transistor gate could form an electrical capacitor divider, permitting them to record positive-going signals in the 10 mV range. 53 More sophisticated models, including voltage-gated ion channels, hypothesized that the polarity of recorded cell responses (negative versus positive leading) depended on the local ionic currents in the region of cell adhesion. [55] [56] [57] Buitenweg et al. recorded positive somatic spikes from DRG neurons and applied a finite-element modeling technique to study the origin of the amplitude and shape of the extracellular recordings of MEAs. 58 They were able to explain the experimental data by the voltage-sensitive sodium and potassium channel distribution of the lower membrane. Table 1 summarizes some results in the literature describing the observation and modeling of neural recordings from MEAs.
Action potential amplitude can be influenced by the surrounding structure. Recently, recordings of action potentials within microtunnels have been made. The tunnels are 3 µm × 10 µm × 500 µm and have resistances in the tens of MΩs. Even the small currents from axons resulted in large (hundreds of µV) signals within the tunnels. 59 
II.E. An Empirical Study of Spike Shapes
Recorded with an MEA In our work we find that detected waveforms can be categorized by the polarity of the largest peakpositive or negative-and further subdivided into three groups-monophasic, biphasic, or triphasic waveforms (Fig. 3) . Negative biphasic spikes have a large negative peak followed by a small positive peak. Negative triphasic spikes have a small positive peak followed by a large negative peak and a small positive peak. Positive triphasic spikes have a large positive peak followed by a comparable or slightly smaller negative peak and a small positive peak.
In experiments done over multiple arrays and cultures, we analyzed the statistics of 60 representative spike waveforms pooled from 175 channels (Fig. 3) . 60 The majority of these spike waveforms were negative spikes (80%), while the remainder (20%) were positive. In each category, three subgroups were almost equally distributed. Figure 4 shows distinct neural waveforms from 19 units, each presumably from a unique neuron, as identified using a statistical pattern-clustering algorithm. Most were negative spikes, as were all of the occasional and unusually large waveforms (peak value larger than 200 µV). Three of them were monophasic and two were biphasic. There was one positive biphasic spike close to 200 µV (Fig. 4) .
Unfortunately it is not easy to use the spike shape and size to answer the obvious question: from which part of the neuron does the recording come (e.g., axon, hillock, dendritic tree, soma)? The predominance of negative spike waveforms most likely implies that many electrodes are closely coupled to excitable somata and are reporting the Good signal-to-noise ratio from sealed electrodes, seal resistance essential to record Negative spikes recorded when axon stump (leech neuron) was across the electrode High conductance (µ K and µ Na > 1, g = µg 0 ) of attached membrane results in negative leading spikes AP measurement: Intra-, FET array recording
Vassanelli et al. 57 Buitenweg et al. 58 Positive monophasic spikes from rat neurons Partial depletion or accumulation of ion channels results in positive or negative spikes Na + depletion → positive spikes Na + accumulation → negative spikes AP measurement: Intra-, FET array, MEA recording rapid dynamic of the action potential. The limited number of biphasic and triphasic signals suggests that coupling is usually insufficient to detect when the soma acts as a source to action potentials propagating along axons or back into the dendritic tree. If there were much smaller and multiphasic signals, then there would be greater confidence that axonal action potentials were being recorded. The occasional positive-going spikes are more difficult to interpret, as they could be due to excellent sealing to membrane that is acting as a source to other events.
II.F. An Empirical Study of the Effects of Electrode Geometry
The geometry of the electrode can affect the outcome of the recording due to different neuronelectrode interactions or coupling. Table 2 summarizes the portions of spike waveforms (negative spike, positive spike, or other shapes) detected by three different types of MEAs-flat electrode with thin insulator, recessed electrode with thick insulator, and protruded 3D tip electrode with larger surface area. 23 A large portion of the electrodes from flat-type MEAs detected negative spikes. MEAs with recessed electrodes detected only negative spikes. In case of 3D tip type MEAs, there were more electrodes that detected positive spikes than negative or biphasic shapes. It is interesting that we observed rare spike shapes with a positive leading peak followed by a comparable negative peak more frequently in 3D tip MEAs. Cell-electrode coupling or adhesion can explain the different outcomes related to the electrode geometry. Microscopy studies showed that neurons grew directly on the 3D tip shaped electrode surface and their processes wound around the electrode ( Figure 2[b] ). In the case of recessed electrodes, the electrodes were located at the bottom of wells that were formed by the thick insulation layer. Scanning electron microscopy preparations suggested that neurons did not grow toward the bottom of the well, leaving electrodes not in contact with cells ( Figure  2[c] ). In the case of 3D-tip MEAs, the larger fraction of active electrodes detecting positive spikes suggested that passive dendrite components could also be recorded by protruded spikes. A further conclusion is that flat and recessed electrodes rarely achieve the tight physical coupling necessary to detect the more subtle changes in the source and sink behavior of various components of the neuron. Conversely, the growing interest in nanotextured surfaces (see below) promises to make common both a higher yield of low-amplitude signals as well as signals with a richer repertoire of shapes.
II.G. Changes in Spike Waveform with Maturation
Spike waveforms change as neurons mature. When recordings were made from the same cultures and electrodes, the amplitude and the width of spikes changed with time as the culture matured over a period of several weeks. Figures 5(a) and 5(b) show two examples of spike waveforms that had a monotonic increase during the third week. Peak values increased and the shape changed from monophasic to a biphasic form. Here it is likely that the successive recordings came from the same neurons. More abrupt changes can also occur during a long-term culture period. Figure 5(c) shows the case when the spike waveform completely changed from a positive spike to a negative spike. It is possible that a cell that was initially coupled with the electrode died, migrated, or became silent, only to be replaced by a different and newly active cell.
The changes in amplitude and width of action potentials with culture age are likely to be associated with the strength and the time course of membrane currents. Two possible explanations are as follows: First, the maturation of sodium and potassium channels that are associated with the generation of an action potential could have modulated the spike waveforms. Comparative studies of immature and mature brain tissues show that there are increases in membrane conductance and current density due to the maturation of ion channels. 61, 62 This reported change of the time course of the current density can change the shape of spikes. Second, the development of the cell geometry, such as the complexity of dendritic trees or the size of soma, could lead to the change of shapes. More dendrites near electrodes would have increased the current density that may have contributed to the strength of the extracellular field potential.
II.H. Biological Factors in the Outcome of Neural Recordings
In many cases, signals are not recorded due to poor or insufficient coupling. Our study of the relationship between the cell-electrode coupling and the yield of signal detection suggests that the signal recordings were possible only when neurons were in direct contact with the electrode. 63 When neurons were further than a few tens of micrometers in distance, it was not possible to detect any signals. It was notable that some electrodes did not detect any signal despite the presence of cells on top of the electrode, which implies that there are other biological factors that play an important role in the outcome of the recordings.
One major source of change in action potential shape is that, initially and for the first week or more, neurons may not be conditioned or developed properly to generate action potentials. There is a maturation period for dissociated neurons to obtain membrane excitability (ion channel expression, ion channel density, cell size, cell geometry, synapse formation, etc.). It takes even longer for neurons to receive synaptic inputs from other neurons and form coordinated network activity. [64] [65] [66] Synaptogenesis also occurs in the early stage of the culture and takes some time for full expression. 1 Therefore, it is likely that some of the visibly coupled neurons may belong to the immature group.
The extracelluar environment is also modulated during this time, with potential effects on spike shapes. The most noticeable cells are glial cells such as astrocytes, which are abundant in most of the neuronal cultures, even in serum-free conditions. 67, 68 When glial cells are present, they usually form a layer and can locate underneath or on top of the neuron of interest. If they happen to locate between the neuron and an electrode surface, they might interfere with the signal transmission, which has been speculated to be the cause of silent neural electrodes that were chronically implanted for months. 69 On the other hand, if the glial layer can be on top of the neurons such that they form a glial blanket, this can enhance the signal strength by confining the extracellular current flow path and increasing the effective local resistance. We have one report showing that glia proliferate both under and over neural processes in culture. 44 Other than the physical roles, astrocytes certainly affect neurons metabolically and by modulating synaptic transmission. 67, 70 
III. ENGINEERING IN VITRO NEURAL INTERFACES III.A. MEA Electrode Modification by Nanomaterials
Decreasing the electrode-electrolyte interfacial impedance is essential to achieve high-quality neural recordings. With lower impedance values, less background noise and higher stimulation efficiency are achievable. A low-impedance MEA has been obtained by several methods: electroplating platinum black [71] [72] [73] [74] or gold colloids, 75 three-dimensional electrode structure, 76 or TiN sputtering. 77 Recently, nanostructures or carbon nanotubes (CNTs) have been used to modify the electrode, and showed some promising results. These nanomaterials provide higher electrode surface area that is electrochemically active for neural recording or electrical stimulation. Kim et al. used a flake gold nanostructure to achieve large surface area and mechanically stable structures on the electrode surface. 78 Park et al. reported electroplated 3D-nanoporous Pt microelectrodes that showed higher mechanical strength than conventional platinum black microelectrodes. 79 Gabay et al. used CNTs to fabricate mesh-like electrode surfaces, which resulted in extremely low electrode impedances and large signals. 80 Keefer et al. plated CNT material on an electrode and showed decreased impedances. 81 One can expect even more materials to emerge from the nanotechnology field that will improve neural interface design.
It is also noticeable that neurons had a strong adhesive response to natural CNT mesh-like electrodes, and the recorded signals were close to 1 mV, which was a few orders of magnitude larger than from conventional microelectrodes. 80 Thus, the nanomaterials could have an influence on cellelectrode coupling due to mechanobiological interactions between the electrode and cell membrane.
III.B. Electrode Modification Using SelfAssembled Monolayers
MEA electrodes can be modified through chemical surface modification methods. The main purpose of these methods is to convert the electrode surfaces into biologically active or functional sites, so that the interaction between neurons and electrodes can be controllable to a certain degree. In this approach, the key technology is to utilize self-assembled monolayers (SAMs) with special functional groups (e.g., amine, thiol, carboxyl) to immobilize biomolecules through covalent linking schemes.
Two common SAMs are alkanethiol SAMs and organosilane SAMs. The former is specific to gold surfaces and the latter is applicable to glassy surfaces with hydroxyl groups. Our recent study suggests that a SAM-based covalent linking scheme for the surface modification of MEA insulators can also modify the electrode surfaces. 41 Low-impedance TiN MEA (30 µm in diameter) was reacted with an organosilane ( [3-glycidoxypropyl] trimethoxysilane, 3GPS) and polylysine was linked through the covalent bond formed between the epoxide group of 3GPS and the amine group of polylysine. A high-quality neural recording and stimulation was possible from the cultured hippocampal neuronal networks. Despite the successful experiments, it was noticeable that the 3GPS modification increased the electrode impedance by a factor of 2.8, which is attributed to the addition of an adlayer (3GPS SAM) on the bare electrode surface. However, the increase was modest in the sense that the impedance of the modified electrodes was less than 150 kΩ at 1 kHz and the measured background noise level was sufficiently small (2.1-2.9 µVrms) to obtain high SNR neural recordings for a few weeks (SNR: 4.5 to 15.8). Figure 6 shows an example of noise level, electrode impedance, and neural recordings from SAM-treated MEAs. In this example, three SAMs (3GPS, 11-mercaptoundecanoic acid , 3-amonipropyltrimethoxysilane [3APS]) that were used in the literature for immobilizing biomolecules were used to modify MEAs with titanium nitride (3GPS TiN, 3APS TiN), platinum black (3APS Pt), and electroplated gold (11-MUA Au). For TiN electrodes, the modified electrode impedance was lower than other electrodes due to their initial low values ( Figure 6[a] ). Au and Pt electrodes had relatively high impedance and noise level, but it was possible to obtain some high-SNR recordings from cultured neurons through the electrodes ( Figure 6[b] ).
III.C. MEA Surface Engineering
Surface patterned MEAs have been introduced to control the cultured neurons for two purposes: (1) to control the adhesion and growth of the neurons to construct and study ordered neuronal networks and (2) to localize neurons to increase the yield of cell-electrode coupling. For these purposes, several surface patterning approaches have been reported.
Chemical patterning methods use surface microprinting techniques and chemical linking schemes to pattern and immobilize biomolecules. Two popular micropatterning techniques are photoresist-based patterning and microcontact printing. The photoresist-based patterning utilizes the lift-off process of conventional photolithography. Using this process, cell-adhesive biomolecules such as polylysine were patterned on MEAs. 24, 82, 83 Microcontact printing uses a silicone rubber stamp with a defined micropattern generated by soft lithography. This technique provides a simple and easy way of printing biomolecules on MEA surfaces. 40, 41, 84, 85 In addition to micropatterning techniques, SAM-based MEA surface modification schemes have been reported to control the immobilization of biomolecules on the MEA insulator surfaces. 3GPS has been shown to be effective for silicon dioxide-, nitride-, and polyimide-based MEA surfaces. 41 Polylysine patterns and cultured neurons were successfully implemented on three different types of MEA surfaces. To utilize alkanethiol chemistry, gold-coated MEAs were developed and 11-mercaptoundecanoic acid (11-MUA) was used to immobilize and pattern polylysine and polyethylene glycol. 84 Physical patterning methods involve the fabrication of microstructures on MEAs to control the adhesion and growth of neurons with respect to the electrodes. A few materials that were used for microstructures were polyimide, 71 SU-8, 86 agarose hydrogel, 25, 87 or polydimethoxysiloxane (PDMS). 59, 88, 89 A network of microgrooves made of polyimide (10 µm in thickness) was constructed on MEAs to grow cortical neurons into patterned networks. 71 A similar approach was used to topologically guide snail neurons on FET arrays using SU-8 (15 µm). 86 Micro-picket fences were made of polyimide to immobilize neurons on top of the recording electrode (transistor type). 90 MEAs with agarose hydrogel structures have been reported with different fabrication methods. Suzuki et al. used a photothermal etching technique to make microchambers on electrodes and tunnel-shaped channels that connected the microchambers while cultivating neurons. 25 An in situ stepwise pattern modification technique allowed them to construct neuronal networks with controlled polarity. Kang et al. used the MIMIC (micro-molding in capillary) technique to produce an agarose hydrogel microarray for a novel cell-based biosensing platform based on MEAs. 87 In both works, the cell-repulsive property of agarose hydrogel facilitated the confinement of neurons on microelectrodes. Closed PDMS microchannel devices were attached to an MEA to confine and guide neuronal growth. 88, 91 Using this technique, Claverol-Tinture et al. showed the recording of propagating action potentials from a single neuron. 89, 92 The surface of the MEAs was physically divided by a compartmentalized PDMS device that enabled the study of signal transduction in neurons. 59, 93 Separate recordings from somal and axonal compartments were demonstrated from the platform. 59 While PDMS devices are a promising platform for high-throughput cell biology, novel MEA platforms are yet to come in this field.
III.D. Beyond Extracellular Recording Limits
Extracellular recordings by metal electrodes can detect only action potentials, while intracellular or whole-cell patch recording can record subthreshold synaptic activity as well as suprathreshold activity (action potentials). Although extracellular recordings provide long-term noninvasive neural interfaces, the lack of subthreshold activity can limit the analysis of neural information processing in the network.
It has been suggested by a few groups that it would be possible to record signals resembling transmembrane potentials with extracellular electrodes by adjusting a seal resistance between neuron and electrode. 52, 94, 95 With a high seal resistance, capacitive coupling can be obtained and the recorded signal would be a miniaturized version of transmembrane potential.
Recently, the Spira group has reported "incell recordings" by extracellular neural interfaces through a biomimetic approach. 96 They designed an electrode with protruding gold spines that imitate dendritic spines in structure, and functionalized the surface with arginine-glycine-aspartic acid (RGD) peptides. The structure of the gold spines and the surface peptides induced the engulfing of the spine by plasma membrane, which formed a high density of ionic channels tightly interfaced with the electrode surface. With these electrodes, they were able to record subthreshold synaptic potential as well as action potentials. The action-potential waveforms were very similar to those recorded by an intracellular glass electrode, and the amplitudes were as large as 25 mV.
CONCLUSIONS AND SUMMARY
Cell-electrode coupling and electrode interface are important in that they have an influence on the yield of MEA recordings and spike waveforms. In addition, biological factors also play a pivotal role in overall MEA system performance. Neural interface issues related to signal recordings can also be extended to investigate and explore neural engineering problems in brain-machine-interface applications.
